The mitochondrial ADP/ATP carrier (AAC), a member of the mitochondrial solute carrier family, is located in the mitochondrial inner membrane. The AAC is a key energetic link between mitochondrial and cytosolic compartments of all aerobic eukaryotic cells because the carrier exports ATP synthesized by oxidative phosphorylation in the matrix into the cytosol, in concert with the import of cytosolic ADP into the matrix.
The mitochondrial ADP/ATP carrier (AAC), a member of the mitochondrial solute carrier family, is located in the mitochondrial inner membrane. The AAC is a key energetic link between mitochondrial and cytosolic compartments of all aerobic eukaryotic cells because the carrier exports ATP synthesized by oxidative phosphorylation in the matrix into the cytosol, in concert with the import of cytosolic ADP into the matrix. [1] [2] [3] The AAC exhibits transport activity by the interconversion of two distinct carrier conformational states, the c-state and the m-state. In the c-state, the substrate recognition site faces the cytosol, and in the m-state, this site faces the matrix. [4] [5] [6] Two AAC specific inhibitors, carboxyatractyloside (CATR) and bongkrekic acid (BKA), fix AAC in the c-state and m-state, respectively. 4, 5) The AAC consists of about 300 amino acid residues, comprising three repeat segments of about 100 amino acid residues each. The studies using the bovine type 1 AAC (bAAC1) with SH reagents predicted that AAC has six transmembrane regions. 7, 8) Recently, crystal structures of bAAC1 with CATR were published, undoubtedly showing that the bAAC1 has six transmembrane segments (TM1 to TM6) connected by three matrix loops (LM1 to LM3) and two cytosolic loops (LC1 and LC2, Fig.  1 ). 9, 10) Four or three isoforms of the AAC have been found in several organisms. 1, [11] [12] [13] The functional and structural features of this carrier have been studied mainly with bAAC1 and yeast type 2 AAC (yAAC2), which have a sequence homology of approx. 50% (Fig. 1) . Besides the bAAC1 crystal structures, 9, 10) a chemical modification study on yAAC2 showed that yAAC2 also has a 6-transmembrane structure. 14) In addition, subsequent cysteine scanning mutagenesis studies on LC1 and TM2 of yAAC2 showed that these structures in the c-state are in accord with the same ones in the crystal structure of bAAC1 with CATR. 15, 16) LM1 of bAAC1 drastically changes its conformation between the m-state and cstate; in the c-state, the LM1 of bAAC1 is positioned near the membrane, whereas it is extruded into the matrix space in the m-state, suggesting that the LM1 acts as a gate to open and close the substrate transport pore at the matrix side. 7, 8, 17, 18) A similar structural change for the LM1 of yAAC2 was indicated; because a SH reagent, eosin-5-maleimide (EMA), modified a cysteine residue in the LM1 of yAAC2 in the m-state, but not in the c-state. 14) Moreover, photoaffinity labeling studies indicated that a substrate binding site is found in LM2 and the surrounding region of both carriers. 19, 20) Although bAAC1 itself is not expressed in yeast cells, a chimeric bAAC1 (yN-bAAC1), in which the N-terminal 10 amino acids of bAAC1 are substituted with the corresponding 26 amino acids of yAAC2 ( Fig. 1) , is expressed strongly in yeast cells and displays the native activity of bAAC1. 21) This system allowed for the adaptation of genetic engineering studies of bAAC1 and the comparison of bAAC1 with yAAC2 in the same system. Site-directed mutagenesis analysis of cysteine and aspartic acid residues on LM1 of yNbAAC1 and yAAC2 showed that these residues of yNbAAC1 have almost the same properties as those of yAAC2, indicating that the spacial arrangement of LM1 of yNbAAC1 is similar to that of yAAC2. 22) However, there is a difference between bAAC1 and yAAC2. The molecular activity of bAAC1 is four times lower than that of yAAC2 (22.4Ϯ5.5 and 86.7Ϯ16.7 mol ADP/mol AAC/min, respectively). 21) In addition to the functional difference of the AACs, we found that a SH cross-linking reagent, copper-ophenanthroline (Cu(OP) 2 ), which combines two AAC molecules via two cysteine residues in each LM1, causes faster cross-linking in yN-bAAC1 than in yAAC2, indicating that the LM1 of yN-bAAC1 is more flexible than that of yAAC2. 23) Because LM1 acts as a gate for substrate transport, 7, 8, 17) this result predicts that the gating motion of LM1 greatly affects the function of AAC between yAAC2 and bAAC1. Thus, investigating the functional differences of the two carriers would produce the detailed molecular mechanism of AAC, which is hard to gain from a crystal structure itself.
In this study, we examined the differences between bAAC1 and yAAC2 to account for the above-mentioned difference in molecular activity. For this purpose, we constructed chimeric proteins comprising N-terminal yNbAAC1 and C-terminal yAAC2, each of which has a division between a transmembrane region and an adjoining loop, and investigated which regions are important to AAC function by observing those properties. The study suggests that a transmembrane region and the C-terminal adjoining loop functionally interact. In addition, it is strongly indicated that interaction of TM1 and LM1 is involved in the flexibility of LM1, and that the flexibility is relevant to function of AAC. Preparation of Chimeras DNA fragments were prepared by conducting the polymerase chain reaction (PCR) using the primers listed in Table 1 . The DNA fragments thus prepared were subcloned into NdeI and BamHI sites of pRS314-YA2P for transformation of the AAC-disrupted yeast strain WB-12, as previously described. 21, 25) Yeast cells were grown at 30°C in YP medium consisting of 1% yeast extract and 2% bactopeptone supplemented with either 2% glucose (YPD), 2% galactose (YPGal), or 3% glycerol (YPGly) as a carbon source. For the selection of transformants, the cells were grown at 30°C in SD medium consisting of 0.67% yeast nitrogen base without amino acids and 2% glucose supplemented with standard concentrations of nutritional requirements when necessary. 26) Solid media contained 2% Bacto-Agar (Difco Laboratories).
MATERIALS AND METHODS

Materials
21)
Growth Activities of Yeast Cells on Glycerol Medium
Yeast cells were cultured in YPD overnight. The optical density of the cultures was then normalized to OD 600 ϭ1.5 (10 5 yeast cells/5 ml), and serial 10-fold dilutions were spotted onto plates containing either YPD or YPGly medium, after 2002 Vol. 31, No. 11 9) a-Helical portions in the 6-transmembrane regions and in the loops facing the matrix are shown by quadrilateral boxes. In the model, the 1st and 2nd loops facing the cytosol and the 1st, 2nd, and 3rd loops facing the matrix are shown by LC1, LC2, LM1, LM2, and LM3, respectively. Transmembrane a-helices are indicated by TM1-6. (B) The alignments of the peptide sequences of bAAC1 (upper) and yAAC2 (lower) are shown. Transmembrane regions are indicated by rectangular boxes. The Nterminal sequences of bAAC1 and yAAC2 are shown in bold type. The cysteine residues are also shown in bold type. In this alignment, amino acid residues conserved in both carriers are marked with asterisks ( * ) and residues having a functional similarity between the two carriers are marked with dots ( · ). Direction Preparation which the plates were incubated for either 3 or 5 d, respectively, at 30°C.
Western Blotting For isolation of total yeast proteins, the transformants made with the vectors of fusion proteins were cultured overnight in SD medium containing 40 mg/l adenine sulfate and 20 mg/l uracil. The yeast cells in the midlog growth phase, having an OD 600 of 1.0-1.5, were harvested; and total proteins were obtained by alkaline lysis with NaOH/2-mercaptoethanol and subsequent precipitation with acetone, as described previously. 27) For isolation of mitochondrial proteins, yeast mitochondria were isolated as described earlier.
21) The concentration of protein was determined with a BCA protein assay kit (Pierce) using bovine serum albumin as a standard. Total proteins of yeast mitochondria (2 mg) were subjected to SDS-PAGE on 12.5% polyacrylamide gels. Chimeric proteins were identified by use of antiserum against Ser 2 to Ser 22 of yAAC2. Intensities of the immunostained bands were determined by using NIH image software.
Cross-Linking of AACs by Cu(OP) 2 Cu(OP) 2 was prepared just before use by mixing CuSO 4 with o-phenanthroline at a molar ratio of 1 : 2 in the ST medium (250 mM sucrose, 10 mM Tris-HCl buffer, pH 7.4). Yeast mitochondria (10 mg of protein/ml) were freeze-thawed three times, preloaded with 1 mM ADP at 25°C for 15 min, and incubated with 200 mM Cu(OP) 2 at 25°C; the reaction was then terminated using 5 mM ethylenediaminetetraacetic acid (EDTA) and 5 mM N-ethylmaleimide (NEM). The samples were subsequently subjected to SDS-PAGE and Western blotting. The intensities of the immunostained bands were determined using NIH image software.
EMA Labeling Yeast mitochondria (8 mg protein/ml) were first pretreated with 1 mM ADP for 15 min at pH 7.4 and 25°C; and then the samples were either diluted to 4 mg protein/ml with ST medium or solubilized to 4 mg protein/ml with 2.4% Triton X-100 (3 mg Triton X-100, 0.5 M NaCl, 0.5 mM EDTA, 10 mM Tris-HCl, pH 7.4). Then the samples were incubated with 150 mM EMA for 30 min at pH 7.4 and 0°C in the dark. The labeling was terminated with 10 mM dithiothreitol. The labeled samples were subjected to SDS-PAGE on a 15% polyacrylamide gel in the dark, and the images of separated proteins were observed under UV irradiation.
RESULTS
Previous studies have shown that bAAC1 and yAAC2 have similar conformational aspects, except for the flexibility of those LM1s, possibly causing a difference in their molecular activities. 9, [14] [15] [16] [17] [18] [19] 21, 23) To study the regions of the six transmembrane AAC that are involved in the difference of the molecular activities between the two carriers, we constructed serial chimeric proteins b/y1 to b/y11 as shown in Fig. 2 . The chimera proteins had an N-terminal bAAC1 and C-terminal yAAC2, and the boundary between the two comprised a transmembrane region (TM) and an adjoining loop (Figs. 1,  2) . In all the constructs, the first 10 amino acids of bAAC1 were replaced with the first 26 amino acid sequence of yAAC2 (Figs. 1, 2) , because the sequence of yAAC2 provides support for effective expression of bAAC1 in yeast cells, whereas bAAC1 itself is not able to be expressed in yeast cells.
21)
The expression vector bearing a chimera was introduced into AAC-depleted yeast strain WB-12. 21) In this paper, a transformant having an expression vector of a protein is referred to as "the protein name-t"; for example, a transformant made with a yAAC2 expression vector is referred to as yAAC2-t. Cultures of the transformants were spotted onto YPD and YPGly plates containing fermentable glucose and non-fermentable glycerol, respectively. On the YPGly plates, yeast without oxidative phosphorylation are not able to grow, although they are able to grow on YPD plates. Indeed, AACdisrupted WB-12 cells, which have no oxidative phosphorylation activity, did not grow on YPGly plates at all, though they did grow on YPD plates (Fig. 3) . In contrast, yNbAAC1-t and yAAC2-t grew on YPGly, suggesting that the functional expression of these AACs afforded the capacity for WB-12 oxidative phosphorylation. However, the growth activities were different between yN-bAAC1-t and yAAC2-t; i.e., yAAC2-t grew twice as fast as yN-bAAC1-t (the doubling times in YPGly liquid media were 4 and 8 h, respectively). 21, 22) This difference in growth activities reflects in the molecular activities between bAAC1 and yAAC2, because these proteins were expressed at the same level in the yeast mitochondria (Fig. 4) . In addition, our previous paper observed the close correlation between AAC functions and corresponding transformants growth activities in both yNbAAC1 and yAAC2 mutants. 22) Therefore, the growth activity of a transformant expressing a chimera is expected to reflect the molecular activity of the chimera.
As shown in Fig. 3 , b/y1-t, b/y5-t, and b/y7-t-b/y11-t did not grow on the YPGly plates; although these transformants did grow on the YPD plates. Even though they were expressed in mitochondria, the result indicates that b/y1 and b/y5 had no substrate transport activity (Fig. 3) . In contrast, b/y7-11 were not expressed in whole cells (data not shown), or in mitochondria at all (Fig. 4) . The stunted growth of b/y7-t to b/y11-t on YPGly was caused by a deficient expression of these chimeras. b/y2-t, b/y4-t, and b/y6-t grew on YPGly, and b/y3-t grew slightly on this plate. The growth activities of b/y2-t, b/y4-t, and b/y6-t, in which the chimeras were adequately expressed in mitochondria (approx. 110, Fig. 2 
. Constructs of Chimeric Proteins
Regions of yAAC2 are indicated in white; and those of bAAC1, in black. Constructs were prepared as described in Materials and Methods. The transmembrane regions and loops correspond to those in Fig. 1 . In the figure, the 1st and 2nd loop facing the cytosol and 1st, 2nd, and 3rd loops facing matrix are shown by LC1, LC2, LM1, LM2 and LM3, respectively. Transmembrane segments are indicated by TM.
160, and 60% of yN-bAAC1, respectively; Fig. 4 ), seemed to be the same as that of yN-bAAC1-t, rather than that of yAAC2-t (Fig. 3) . Therefore, these three chimeras probably had almost the same function as yN-bAAC1. b/y3 probably lost most of its substrate transport activity because b/y3 was expressed in mitochondria approximately 60% of yN-bAAC1 (Fig. 4) . These results indicate that the combinations of TM1 and LM1, TM2 and LC1, and TM3 and LM2 are important to the function of AAC.
The observations on the growth activities of transformants suggest that b/y2, b/y4, and b/y6 have similar functional properties as yN-bAAC1. Of these chimeras, it is noteworthy that b/y2 showed the bAAC1-like functional property because b/y2 has large extent of yAAC2 and only the TM1 and LM1 of bAAC1. In addition, it is known that LM1 acts as a gate of the substrate transport pore of AAC. 7, 8, 17) Our previous result that LM1 of yN-bAAC1 is more flexible than that of yAAC2 suggests that the difference in the flexibility of LM1s causes functional differences between yN-bAAC1 and yAAC2. 23) Next, we focused on b/y2 and investigated its structural properties. First, we confirmed the interaction between TM1 and LM1. We constructed a chimera (bLM1), in which only the LM1 in yAAC2 was substituted with the LM1 of bAAC1 (Fig. 2) , and observed the growth activities of bLM1-t. bLM1 was expressed in mitochondria in approximately 70% of yAAC2 (Fig. 4) . bLM1-t did not grow on YPGly plates, but it did grow on YPD (Fig. 3) . Although b/y1-t and bLM1-t did not have growth activity on YPGly plates (Fig. 3) , b/y2-t grew at the same growth rate as bAAC1-t. This result indicates that there were surely interactions between TM1 and LM1. Then, we examined effects of a SH cross-linking reagent Cu(OP) 2 , which was used to examine movement of LM1 of AAC, 7, 8, 17, 23) on b/y2. Isolated mitochondria expressing either yAAC2, yN-bAAC1 or b/y2 were freeze-thawed three times to permeabilize the mitochondrial membrane for Cu(OP) 2 . Then, the freeze-thawed mitochondria (10 mg of proteins) were treated with 200 mM Cu(OP) 2 at 25°C for various periods of time. The samples were subjected to Western blotting using an antiserum against the N-terminal region of yAAC2 (Ser 2 -Ser
21
). The time courses of cross-linking are shown in Fig. 5 . The 34-kDa band of yAAC2 was slightly decreased by Cu(OP) 2 in a time-dependent manner, and concomitantly a faint 62-kDa band appeared (Fig. 5A, top and 5B). In contrast to the 34-kDa yAAC2 band, the intensity of the 33-kDa yN-bAAC1 band markedly decreased within the first 15 min, and 62-kDa and 32-kDa bands appeared (Fig.  5A, middle) . This faster cross-linking observed in yNbAAC1 is not because the carriers in mitochondrial membranes go in different directions, because our previous observation showed that the membrane-impermeable SH reagent, EMA, is accessible to yAAC2 and yN-bAAC1 only from matrix side.
23) The 62-and 32-kDa bands are caused by interand intra-molecular cross-linkings, respectively, as described in a previous report. 7) These observations are the same as in our previous report, 23) and similar to those made previously on bovine heart mitochondria. 7) These results show that the structural states of LM1 of yAAC2 are actually different from that of yN-bAAC1. 23) The cross-linking pattern of b/y2 was closely similar to that of yN-bAAC1 (Fig. 5A, bottom and 5B). The direction of b/y2 in the mitochondrial membranes was also confirmed using EMA. EMA labels b/y2 in solubilized mitochondria with Triton X-100, but not in intact mitochondria, suggesting that the direction of b/y2 is the 2004 Vol. 31, No. 11
Fig. 4. Expression Levels of Chimeric Proteins in Yeast Cells and Mitochondria
The transformants expressing each chimera were cultivated in YPGal media and mitochondria were isolated. 2 mg of yeast mitochondrial proteins were subjected to SDS-PAGE on a 12.5% polyacrylamide gel. The chimeric proteins were detected using an antiserum against yAAC2 N-terminal sequence (Ser 2 to Ser 
Fig. 3. Growth Activities of Transformants Made with Each Chimeric Protein
Yeast cells were cultured in YPD overnight. The optical density of the cultures was then normalized to OD 600 ϭ1.5 (10 5 yeast cells/5 ml), and serial 10-fold dilutions were spotted onto plates of YPD or YPGly medium; and the plates were incubated for eithersame as those of yAAC2 and yN-bAAC1 (data not shown). During the first 10 min, the 35-kDa b/y2 band markedly decreased in intensity; concomitantly the 62-kDa and 34-kDa bands appeared (Fig. 5A, bottom) . These observations are similar to those in yN-bAAC1, although the duration of 62-kDa bands differ between yN-bAAC1 and b/y2 (Fig. 5A) . The reduction of the 62-kDa band of b/y2 after 2 min culmination is probably due to further inter-molecular crosslinkng, as the previous report with bovine heart mitochondria suggests. 7) These results indicate that the LM1 of b/y2 has structural properties like those of the LM1 of yN-bAAC1. The set of TM1 and LM1 is thus important for the structural feature of LM1. DISCUSSION bAAC1 and yAAC2 have similar structural aspects, 9, [14] [15] [16] 19) but their molecular activities are different; i.e., the molecular activity of yAAC2 is four times higher than that of bAAC1 (86.7Ϯ16.7 and 22.4Ϯ5.5 mol ADP/mol AAC/min, respectively). 21) Recently we found that flexibilities of LM1 are different between yN-bAAC1 and yAAC2. 23) This result suggests that the dynamic structural features of LM1 are one of the factors deciding the functional differences of the two carriers. The present study suggests the possibility of functional interactions between a TM and the loop at its C-terminal end, and suggests that the possible interaction between TM1 and LM1 affects the conformational state of LM1.
A previous study showed that Cu(OP) 2 cross-links two AAC molecules in a functional dimer via a Cys residue in each LM1. 7) Therefore, cross-linking patterns reflect the conformational aspects of LM1, such as flexibility. 7, 17, 23) We previously showed that yN-bAAC1 exhibited a cross-linking pattern different from that of yAAC2; yN-bAAC1 was more easily cross-linked by Cu(OP) 2 than yAAC2, suggesting that the LM1 of yN-bAAC1 is more flexible than that of yAAC2. 23) In the study, we obtained the same results in both yAAC2 and yN-bAAC1 (Fig. 5) . In addition, we found that when b/y2, in which the TM1 and LM1 in yAAC2 was substituted with the TM1 and LM1 of bAAC1, was treated with Cu(OP) 2 , the cross-linking pattern was similar to that of yNbAAC1 (Fig. 5) . Hence, the LM1 of b/y2 behaved like that of bAAC1. LM1 of b/y2 and bAAC1 are probably more flexible than that of yAAC2. Besides, b/y2-t showed the same growth activity on YPGly solid media as yN-bAAC1-t (Fig. 3) , indicating that the molecular activity of b/y2 corresponds to that of yN-bAAC1. Substitution of the TM1 and LM1 in yAAC2 with the TM1 and LM1 of bAAC1 provided bAAC1-like transport activity and bAAC1-like LM1 flexibility to yAAC2, strongly indicating that functional differences between yAAC2 and bAAC1 are due to the difference in LM1 flexibility. LM1 plays as a gate to open and close the substrate transport pore. 7, 17) Therefore, movement of the gate is probably one of determinants for activity of AAC. The differences in reduction speeds of the 62-kDa band between yNbAAC1 and b/y2 are probably due to the difference in positions of the cysteine residues between bAAC1 and yAAC2 ( Fig. 1) .
Among b/y1 to b/y6, transformants expressing the evennumbered chimeric proteins were able to grow on the YPGly plates with growth activity similar to that of yN-bAAC1-t, whereas those producing the odd-numbered chimeras were either not or hardly able to grow on these plates. Breakage between a TM and the C-terminal adjoining loop caused a loss of activity. These results indicate that a set of a TM and the next loop is necessary for substrate transport activity. Therefore, there are possibilities of interactions between TM1 and LM1, TM2 and LC1, and TM3 and LM2 in AAC. Our previous studies on TM2 and LC1 using cysteine scanning mutagenesis and subsequent chemical modifications showed that TM2 rotates between the m-and c-states and that a region of LC1 near TM2 drastically changes its conformation between these two carrier states. 15, 16) These conformational changes in TM2 and LC1 are probably closely correlated with each other. LM1, LM2, LM3, and LC2 also change their conformations between the two states, 7, 28, 29) and conformational changes in the odd-numbered TMs were pointed out by the crystal structure of bAAC1 with CATR. 9) Therefore, it is likely that cooperation exists between a TM b/y7-t to b/y11-t did not grow on YPGly (Fig. 3 ), nor were these chimeras expressed in mitochondria (Fig. 4) . This lack of expression is why these transformants did not grow on the YPGly. The region from LC2 to the C-terminus of yAAC2 is important for inserting an AAC into the mitochondrial membrane, because this region is initially inserted into the mitochondrial inner membrane. 30) Because the last one third region of yAAC2 containing LC2 to C-terminal regions is primarily inserted into mitochondrial inner membrane, 30 ) the breakage of this region of yAAC2 presumably caused the inhibition of the insertion of chimeras into mitochondria, and these chimeric proteins were presumably degraded in the cytosol. Because these chimeric proteins were not expressed in yeast, the functional interactions of LC2 to C-terminal region reamin unknown.
Comparison of yeast AAC to a bovine one, of which the structural aspects are well known, by using our yeast expression system is quite practical for the resolution of the molecular mechanism of AACs. In addition, the evolutional process of mitochondrial carriers would be also clarified.
